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ABSTRACT
X-ray variation is a ubiquitous feature of active galactic nuclei (AGNs), however, its origin is not well understood.
In this paper, we show that the X-ray flux variations in some AGNs, and correspondingly the power spectral densities
(PSDs) of the variations, may be interpreted as being caused by absorptions of eclipsing clouds or clumps in the broad
line region (BLR) and the dusty torus. By performing Monte-Carlo simulations for a number of plausible cloud models,
we systematically investigate the statistics of the X-ray variations resulting from the cloud eclipsing and the PSDs of
the variations. For these models, we show that the number of eclipsing events can be significant and the absorption
column densities due to those eclipsing clouds can be in the range from 1021 to 1024cm−2, leading to significant X-
ray variations. We find that the PSDs obtained from the mock observations for the X-ray flux and the absorption
column density resulting from these models can be described by a broken double power law, similar to those directly
measured from observations of some AGNs. The shape of the PSDs depend strongly on the kinematic structures and
the intrinsic properties of the clouds in AGNs. We demonstrate that the X-ray eclipsing model can naturally lead to
a strong correlation between the break frequencies (and correspondingly the break timescales) of the PSDs and the
masses of the massive black holes (MBHs) in the model AGNs, which can be well consistent with the one obtained
from observations. Future studies of the PSDs of the AGN X-ray (and possibly also the optical-UV) flux and column
density variations may provide a powerful tool to constrain the structure of the BLR and the torus and to estimate
the MBH masses in AGNs.
Keywords: galaxies: active – galaxies: Seyfert – (galaxies:) quasars: general – quasars: supermassive
black holes – X-rays: galaxies
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1. INTRODUCTION
X-ray variation is a ubiquitous feature of active galac-
tic nuclei (AGNs; e.g., Mushotzky et al. 1993). The
variation timescale of the AGN X-ray emission ranges
from hours, days, to years (e.g., McHardy & Czerny
1987; Mushotzky et al. 1993; Markowitz et al. 2003).
Observations have revealed that the power spectral
density (PSD) of the X-ray variation as a function
of the variation frequency ν in many AGNs, P (ν),
can be described by a double power law with a
break frequency of νB, i.e., P (ν) ∝ ν
γh at high fre-
quencies (ν ≫ νB) with γh . −2, and P (ν) ∝
νγl at low frequencies (ν ≪ νB) with γl ∼ −1
(e.g. McHardy & Czerny 1987; Uttley et al. 2002;
Markowitz et al. 2003; Gonza´lez-Mart´ın & Vaughan
2012). It has been demonstrated that the character-
istic timescales corresponding to the break frequencies
(∼ 1/νB) strongly correlate with the masses of the
central massive black holes (MBHs) in those AGNs
(McHardy et al. 2006; Gonza´lez-Mart´ın & Vaughan
2012). The properties of some X-ray binaries (XRBs)
could also fit into this correlation (e.g., McHardy et al.
2006), but the reliability of such a relationship is not
clear, yet (e.g., Done & Gierlin´ski 2005; Ko¨rding et al.
2007). The physics behind the break frequency versus
BH mass correlation is not well understood so far.
A number of models have been proposed to explain
the observed X-ray variation of AGNs. In general, these
models can be divided into the two main categories: (1)
the variation is due to changes in the intrinsic X-ray
emission; and (2) the variation is due to changes in
the materials or clouds along the line of sight (LOS)
to the X-ray emitting source that absorb part of the
intrinsic X-ray emission. In the first category, the X-
ray variation could be due to the change of the ac-
cretion rate, and consequently, to the change of the
total number of seed photons to be inverse Compton-
scattered up to X-ray photons by the hot corona lo-
cated in the vicinity of the central MBHs of AGNs (e.g.,
Lyubarskii 1997; Lamer et al. 2003a; Uttley et al. 2002;
Zdziarski et al. 2003), or to the change of the hot corona
itself (including its motion and location), or to the in-
flation of the magnetic flares being injected into the
corona (e.g., Poutanen & Fabian 1999; Lu & Yu 2001a;
Fabian & Vaughan 2003; Marinucci et al. 2014). In the
second category, the X-ray variation is dominated by
the absorption of clouds in multiple zones that (par-
tially) cover the X-ray emitting source on the observer’s
sky plane (e.g., Lamer et al. 2003b; Turner & Miller
2009; Miller et al. 2008, 2009; Parker et al. 2015;
Abrassart & Czerny 2000). In the standard AGN uni-
fication model (Antonucci 1993), the natural sources
for the absorption are some line emission clouds in the
broad line region (BLR) or some clumps in the dusty
torus that happen to cross the LOS; hereafter, we re-
fer to all of them as absorption clouds for simplicity,
unless otherwise stated. This kind of absorption model
appears to be able to explain well not only the X-ray
variations of some AGNs, such as MCG-6-30-15, NGC
4395, NGC 4151, and NGC 1365 (Turner & Miller 2009;
Parker et al. 2015), but also the relative lack of variabil-
ity at the higher energy band of the X-ray emission (e.g.,
Miller et al. 2008). The X-ray variation patterns and
consequently the PSDs of the variations resulted from
these two model categories should be distinguishable
from each other since their physical origins are quite
different. The study of the origin of X-ray variations
would provide an insight into the structure of and the
radiation mechanisms in the central engine of AGNs.
In the scenario where the observed X-ray variations
for some AGNs are mainly caused by absorption, when
a cloud crosses the LOS, a fraction of the X-ray pho-
tons are absorbed depending on the physical properties
of the cloud, and the rest penetrate through the cloud
and are received by the distant observer. For such an
event, we denote it as an “X-ray eclipse” in this paper.
The duration of an X-ray eclipse event and the period
of the events are affected by the velocity of the cloud
and its distance to the central engine. For example,
the clouds located at large distances may lead to long-
term variations because of their relatively low velocities,
while those located at small distances may lead to short-
term variations. If many clouds spreading over a large
range of distances can lead to X-ray eclipses, the X-ray
variation timescales or frequencies will depend on both
the geometric and the kinematic distributions of those
clouds and the physical properties of individual clouds.
The PSD of the X-ray variation curves describes the
distribution of power into the variation frequency com-
ponents composing the X-ray variations, and the anal-
ysis of the PSD provides a powerful tool to statistically
study the kinematical and physical conditions of those
eclipsing clouds located at different spatial regions and
further their parent populations (clouds in the BLR and
clumps in the dusty torus of AGNs).
In this paper, we construct an X-ray cloud eclipsing
model, and this model generates many observational
properties of X-ray variations in AGNs, including the
PSD and the break frequency versus BH mass corre-
lation mentioned above. We use Monte-Carlo simula-
tions to consider the kinematical motion of the clouds
and clumps in the BLR and the dusty torus, and re-
alize the X-ray eclipsing events over a long period and
consequently generate mock observations of the X-ray
3flux variation. We also investigate the dependence of
the PSDs obtained from the mock observations on the
kinematic structure and the intrinsic properties of the
clouds. Note here that we only consider those AGNs
in which the X-ray variations are dominated by the ab-
sorption of eclipsing clouds. For simplicity, we do not
intend to simultaneously consider the X-ray variations
caused by the changes in the intrinsic X-ray emission,
which may dominate the detected variations in some
other AGNs.
The paper is organized as follows. In Section 2, we
construct the X-ray eclipsing model and analyze the
event rate and the properties of the X-ray eclipses by as-
suming that the eclipsing clouds are from the BLR and
the dusty torus. We investigate the dependence of the
rate and the properties of the X-ray eclipses on the kine-
matic and spatial structure of the parent population of
the eclipsing clouds and the intrinsic properties of those
clouds. By adopting a number of different models for the
spatial distribution and the properties of the clouds, we
perform some Monte-Carlo simulations to realize X-ray
eclipses and generate mock X-ray light curves in Sec-
tion 3. According to those mock X-ray light curves, we
obtain their PSDs in Section 4 and we find that they are
compatible with the reasonable parameter ranges for the
spatial and kinematical distributions and the physical
properties of the eclipsing clouds. We also demonstrate
that a strong correlation between the break frequency
of the PSD and the MBH mass is a natural result of
the scenario where the X-ray variation is dominated by
the absorption of eclipsing clouds, if the inner boundary
for the spatial distribution of the absorption clouds and
some intrinsic properties of those clouds scale (linearly)
with the MBH mass. Discussions and conclusions are
given in Section 5.
In this paper, given a set of physical variables
X = (X1, ..., Xk) (e.g., semimajor axis, eccentricity),
the probability distribution function (PDF) of X is de-
noted by fX(X) so that fX(X)dX represents the num-
ber fraction of clouds with the variable Xi being in the
range Xi → Xi+dXi (i = 1, .., k) with
∫
fX(X)dX = 1,
where dX ≡ dX1...dXk.
2. MODEL FOR THE ECLIPSING OF X-RAY
EMISSION
X-ray emission from AGNs received by a distant ob-
server may vary due to absorptions by clouds crossing
the LOS, as revealed by observations of some type 1 and
type 2 Seyfert galaxies. The variation timescales of the
X-ray emission and the possible locations of the absorp-
tion clouds cover a wide range as follows. (1) Some of
those absorption events have durations of about a few
θLOS
Observer
Dusty clumps
BLR clouds
X-ray source
Figure 1. An illustration diagram for the spatial dis-
tribution of clouds (as a population) surrounding the central
engine of an AGN. The black dot at the center represents the
central MBH, and the two thick shaded bars along the y-axis
represent a thin accretion disk surrounding the MBH. The
orange region at the center represents the X-ray emitting re-
gion, probably the corona structure above the accretion disk.
The absorption clouds include both the BLR clouds outside
of the accretion disk (yellow) and the dusty clumps (gray)
in the dusty torus outside of the broad line region (BLR).
The spatial distribution of the clouds is assumed to be ax-
isymmetric. The direction of the line of sight (LOS), i.e., the
viewing angle, is defined by the angle of θLOS with respect
to the symmetric axis of the system (z), and the LOS is on
the yz plane.
hours to a few days and absorption column hydrogen
densities ∼ 1022 − 1024cm−2, which are probably due
to some clouds in the BLR with number densities of
109 − 1011cm−3 and distance ∼ 103 − 104rg from the
central MBH, where rg ≡ GM•/c
2 is the gravitational
radius of the MBH with mass M• (e.g., Lamer et al.
2003b; Maiolino et al. 2010; Sanfrutos et al. 2013;
Bianchi et al. 2009; Markowitz et al. 2014; Risaliti et al.
2005, 2007, 2009; Puccetti et al. 2007). (2) Some other
events have durations up to several months, substan-
tially longer than those due to the BLR clouds, and ab-
sorption column hydrogen densities ∼ 1022− 1023cm−2,
which may be attributed to the clumps located in
the outer dusty torus with number densities of ∼
107 − 108cm−3 (e.g. Rivers et al. 2011; Marinucci et al.
2013; Miniutti et al. 2014; Ag´ıs-Gonza´lez et al. 2014;
Markowitz et al. 2014). Based on those observations,
we introduce simple models below to systematically
study the eclipsing of X-ray emission from AGNs.
2.1. Spatial Distribution of Clouds
Figure 1 shows a schematic picture for the spatial dis-
tribution of numerous clouds rotating around the cen-
tral engine, an MBH-accretion disk system with enor-
mous X-ray emission. These clouds are located in
the two different regions, i.e., the BLR and the dusty
torus. The motions of those clouds are probably dom-
inated by the gravity of the central MBH (for the
BLR clouds, see Gaskell 1988; Koratkar & Gaskell 1991;
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Sergeev et al. 1999; for the clumps in the dusty torus,
see Elitzur & Shlosman 2006; Nenkova et al. 2008), and
other effects, such as the radiation pressure, on the cloud
motion may be negligible. For simplicity, we assume
that all of those clouds and clumps are spherical and
are in Keplerian motion and on circular orbits around
the central MBH.1.
To describe the motion of each cloud and the spa-
tial distribution of those clouds as a population, we
use both an orthogonal coordinate system (x, y, z) and
a spherical coordinate system (r, θ, φ), with the origin
located at the central MBH. Here, r is the distance
to the central MBH, θ is the polar angle defined rela-
tive to the z-axis perpendicular to the accretion disk,
and φ is the azimuth angle (see Fig. 1). The spheri-
cal coordinate system is linked to the orthogonal one
by (x, y, z) = (r sin θ cosφ, r sin θ sinφ, r cos θ). We set
the distant observer to be on the yz plane with a direc-
tion of (θ, φ) = (θLOS, π/2), and the unit vector of this
direction is ℓˆ = (0, sin θLOS, cos θLOS) in the (x, y, z) co-
ordinate system.
For a single cloud in a Keplerian motion, its orbit
is determined by a set of parameters X = (ac, θJ , φJ ),
where ac are the semimajor axis of the orbit, and θJ and
φJ are the two angles defining the normal nˆJ of the or-
bital plane with nˆJ=(sin θJ cosφJ , sin θJ sinφJ , cos θJ ).
Given the initial position of a cloud, its position at any
given moment can be obtained with that set of parame-
ters. Each of those circular orbits can then be described
by the set of parameters, and the spatial distribution
of those clouds as a population can be described by a
PDF fX(X). Assuming that the system is axisymmetric
and the distribution of ac is independent of the distri-
bution of the normal of the orbital plane, the PDF can
be further reduced to fac(ac)|fcos θJ (cos θJ) sin θJ |/(2π).
2.2. Eclipsing Events due to Individual Clouds
If a cloud crosses the LOS and is in front of the central
engine, then an eclipse occurs and the cloud partially or
completely blocks the X-ray emitting region. In the im-
age plane of the observer, the trajectory of any eclipsing
event can be described by the two parameters, i.e., the
impact parameter (b) and the eclipsing angle (Ω), as
1 Bradley & Puetter (1986) pointed out that the BLR clouds
may be on eccentric orbits as indicated by the non-Gaussian pro-
file of the emission lines. By alternatively assuming non-circular
orbits, we find no significant differences in the model results pre-
sented in this paper. The effects, if any, on our model results
due to the assumption on the eccentricities of those clouds can be
approximately compensated by setting a slightly different radial
distribution of the clouds.
Figure 2. Schematic diagram for an X-ray eclipsing event
by a cloud crossing the LOS. The absorption cloud may be
a cloud in the BLR region or a dusty clump, as shown in
Figure 1. The top row of this figure illustrates three phases
of the eclipse, i.e., the ingress phase (left), the greatest eclipse
phase (middle), and the egress phase (right). The observer
is located at the direction of pointing outward of the surface,
with the (x′, y′) coordinate system on the surface. The X-
ray emitting region is assumed to be spherical with a radius
size of RX. The transiting direction on the sky plane of
the observer is determined by the impact parameter b and
the direction angle Ω relative to a reference direction (e.g.,
the horizontal line). The intervening cloud that leads to the
eclipse is also assumed to be spherical with a radius size of
Rc. The duration of the eclipsing event is tE. The bottom
plot illustrates the variation of the X-ray flux due to the
eclipse.
shown in Figure 2. The eclipsing angle Ω is defined as
the angle between the motion direction of the cloud in
the image plane and a reference direction (the horizon-
tal line from left to right in Fig. 2, i.e., the direction
anti-parallel to the x-axis in Fig. 1), and it is given by
cosΩ=−vˆyz · eˆx = −[nˆJ × (nˆJ × eˆx)] · eˆx
=
cos θJ
| cos θJ |
√
1− sin2 θJ cos2 φJ , (1)
and
sinΩ = sin θJ cosφJ , (2)
where vˆyz is a unit vector with the same direction as
the velocity of a cloud when it crosses the yz plane, and
eˆx = (1, 0, 0) is a unit vector at the direction of the x-
axis. If φJ = π/2 and θJ ∈ [0, π/2), then Ω = 0; if
φJ = π/2 and θJ ∈ (π/2, π], then Ω = π. If θJ = π/2,
then Ω is either π/2− φJ or φJ − π/2.
The impact parameter b is defined by
b≡ac(nˆJ · ℓˆ) = ac cosω
=ac(sin θJ sinφJ sin θLOS + cos θJ cos θLOS) (3)
for |b| ≪ ac or cosω ≪ 1, which is true for all of
the cases considered in this paper since the size of the
central X-ray source is much smaller than the semi-
major axes of the absorption clouds. The ω in Equa-
tion (3) is the angle between the normal of the orbital
5plane of a cloud and the LOS. We have b = 0 when
φJ = π/2 and θJ = π/2 + θLOS (or more generally,
when sinφJ = − cot θJ cot θLOS). A cloud crosses the
LOS clockwise (or counter-clockwise) with respect to the
center of the X-ray source if b < 0 (or b > 0).
Assuming that the X-ray emitting region is spherical
with a radius size of RX and a spherical cloud with a
radius size of Rc crosses the LOS, an eclipsing event
occurs when |b| < Rc+RX. The following phases during
this eclipsing event are illustrated in Figure 2: (1) an
ingress phase when the cloud starts to block the X-ray
emission; (2) a maximum eclipsing phase when the cloud
blocks the projected X-ray emission region as much as it
can or even completely block the region, which leads to
a dip in the X-ray light curve; and (3) an egress phase
when the part of the cloud that first moved into the
projected X-ray emission region starts to move out.
The duration of an eclipsing event caused by a cloud
is
tE ≃ 2
[
(RX +Rc)
2 − b2
]1/2
(ac/GM•)
1/2, (4)
where the cloud size Rc is assumed to be a function of
ac. If the eclipse event starts at a time ts, the center of
the cloud in the image plane is given by
x′c=−b sinΩ +DE
(
t− ts
tE
−
1
2
)
cosΩ, (5)
y′c= b cosΩ +DE
(
t− ts
tE
−
1
2
)
sinΩ, (6)
where DE = 2
√
(RX +Rc)2 − b2, ts < t < ts + tE, and
ts is the start time of the eclipse.
At any given time, the observational flux or luminosity
curve is obtained by
LX ≡
∫∫
I(x′, y′)Aν(NH(Rc, rxc))dx
′dy′, (7)
where I(x′, y′) is the intrinsic surface brightness of the
X-ray emission at a position (x′, y′) on the image plane
and I(x′, y′) = 0 if x′2 + y′2 > R2X, NH(Rc, rXc)
is the projected column density at a distance rXc =√
[x′c(t)− x
′]2 + [y′c(t)− y
′]2 from the cloud center on
the image plane, and Aν represents the fraction of X-
ray photons penetrating through the cloud and received
by the distant observer, with Aν = 1 for the unblocked
region with x′2 + y′2 ≤ R2X and Aν < 1 for the blocked
region. (Note here that the X-ray eclipsing discussed in
this paper is different from the cases of planet transits,
for which the emission from the area of a star covered by
a front planet is completely blocked, i.e., Aν = 0.) The
ratio of the observational X-ray flux to the intrinsic one
(without eclipsing) is
RLX ≡
LX
LX,0
=
∫∫
I(x′, y′)Aν(NH(Rc, rXc))dx
′dy′∫∫
I(x′, y′)dx′dy′
.
(8)
If the hydrogen number density (nH) of a cloud is
uniform, i.e., nH is a constant within the cloud, then
NH(Rc, rXc) = 2nH
√
R2c − r
2
Xc for rXc ≤ Rc and 0 for
rXc > Rc. If the X-ray emissivity is also uniform, then
I(x′, y′) ∝
√
R2X − x
′2 − y′2. If the X-ray surface bright-
ness is homogeneous, then I(x′, y′) is a constant, we have
RLX =
∫∫
Aν(NH(Rc, rXc))dx
′dy′
πR2X
. (9)
We define an “effective column density” as
NH,eff ≡ A
−1
ν (RLX), (10)
where A−1ν is the inverse function of Aν . The effective
column density may correspond to the absorption col-
umn density directly measured from observations.
The bottom panel of Figure 2 illustrates the X-ray
variation due to an eclipsing event. The detailed cal-
culations of the X-ray variations at a given frequency
range due to eclipsing events are described in Section 3.
For individual AGNs, we expect that a number of X-
ray eclipsing events can be detected over a substantially
long observational period. It is also possible that more
than one cloud crosses the LOS at the same time and
covers (part of) the X-ray source, which lead to complex
X-ray variations (see Figure 6). For such a case, NH,eff
at a given time is roughly the summation of the effective
column density due to each of the LOS crossing clouds.
The statistics of those X-ray eclipsing events should de-
pend on the spatial distribution of the absorbing clouds
in the AGN and the intrinsic properties of those clouds.
2.3. Event Rates of the X-ray Eclipses
Given the total number of the clouds Ntot and their
spatial probability distribution function, the event rate
of the X-ray eclipses caused by the clouds with param-
eters X within the range X → X + dX can be given
by
dR =
NtotfX(X)
Torb(ac)
dX,
= dacd cos θJdφJ
Ntotfac(ac)
2πTorb(ac)
fcos θJ (cos θJ),
=−dacdbdΩ
Ntotfac(ac)
2πTorb(ac)
fcos θJ (cos θJ) sin θJ
∣∣∣∣∂(θJ , φJ )∂(b,Ω)
∣∣∣∣ ,
(11)
where Torb(ac) = 2π(a
3
c/GM•)
1/2 is the orbital period of
a cloud with semimajor axis ac,
∂(θJ ,φJ )
∂(b,Ω) is the Jacobian
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determinant, Ω and b are given by Equations (1)–(3),
Ω ∈ (0, 2π], b ∈ [−RX − Rc(ac), RX + Rc(ac)], ac ∈
[ac,min, ac,max], and ac,min and ac,max are the smallest
and the largest values for the semimajor axes of those
clouds, respectively.
For most of the eclipsing clouds, we have cosω ≃ 0
and ω ≃ π/2 since b ≪ ac, and
∣∣∣∂(θJ ,φJ )∂(b,Ω) ∣∣∣ = sinωac sin θJ ≃
1
ac sin θJ
. Therefore, we approximately have cos θJ ≃
sin θLOS cosΩ according to Equations (2) and (3), and
the integration of Equation (11) can be further reduced
to
R=
∫
dR
≃NtotRX
∫ ∞
0
fac(ac) [1 +Rc(ac)/RX]
acTorb(ac)
dac
×
∫ 2pi
0
fcos θJ (sin θLOS cosΩ)
π
dΩ,
=NtotH (θLOS)
(GM•)
1/2RX
2π 〈aE〉
5/2
≃ 1.4day−1H (θLOS)
(
107M⊙
M•
)(
Ntot
107
)
×
(
RX
5rg
)(
〈aE〉
104rg
)−5/2
, (12)
where H (θLOS) ≡
∫ 2pi
0 dΩfcos θJ (sin θLOS cosΩ)/π is de-
termined by the distribution of the angular momenta of
the clouds and the direction of the LOS. If fcos θJ is a uni-
form distribution, i.e., fcos θJ = 1/2, then H (θLOS) = 1.
The effective semimajor axis of the eclipsing clouds 〈aE〉
is defined by
〈aE〉
−5/2 =
∫ ∞
0
dacfac(ac) [1 +Rc(ac)/RX] /a
5/2
c ,
(13)
which is mainly determined by fac(ac). It may also de-
pend on the ratio of the size of the eclipsing clouds to
the size of the X-ray emitting region if the cloud size
depends on the semimajor axis of the cloud.
According to Equation (12), the distribution function
of the semimajor axis of those eclipsing clouds is given
by
fac,E(ac) =
〈aE〉
5/2
a
5/2
c
fac(ac)
[
1 +
Rc(ac)
RX
]
. (14)
This PDF indicates that the X-ray eclipsing events are
preferentially contributed by those clouds at relatively
close distances to the central MBH or those clouds with
relatively large sizes (see also the bottom-right panel in
Figure 5 below).
2.4. Mean number of the clouds crossing the line of
sight at a given time
The mean number of the clouds crossing the LOS at
a given time is
〈N〉LOS=
∫
tEdR,
≃−
∫ ∞
0
dac
∫ RX+Rc
−RX−Rc
db
×
∫ 2pi
0
dΩ
Ntotfac(ac)tE
2πacTorb(ac)
fcos θJ (sin θLOS cosΩ)
≃ 0.6H (θLOS)
(
Ntot
107
)(
RX
5rg
)2(
〈aN 〉
104rg
)−2
,
(15)
where tE in Equation (4) is used and 〈aN〉 is defined
through
〈aN〉
−2 =
∫
[1 +Rc(ac)/RX ]
2 [
fac(ac)/a
2
c
]
dac. (16)
Note here that the dependence of 〈N〉LOS on the MBH
mass is only through the dependence ofNtot orH (θLOS)
on the MBH mass, if the size of the X-ray source and
〈aN〉 scale linearly with the gravitational radius of the
central MBH (and the MBH mass). According to Equa-
tion (15), 〈N〉LOS ∝ 〈aN 〉
−2, the number of clouds cross-
ing the LOS depends on the size and spatial distribu-
tion of the clouds. Similar to R, 〈N〉LOS also scales
linearly with the total number of clouds and depends
on H (θLOS) (see also the top-right panel of Figure 5
below).
2.5. Statistical Properties of the Eclipsing Events
The trajectory of an eclipsing event on the sky plane is
described by the impact parameter b and the eclipsing
angle Ω, and the time duration of an eclipse is deter-
mined by tE. The statistical distribution of those pa-
rameters may be helpful for understanding the X-ray
variability resulting from the X-ray eclipsing events.
2.5.1. Probability distribution of the impact parameter
The PDF of the impact parameter |b| for an eclipse
detected at any given time is given by
f|b|(|b|)=
1
R
∂
∂|b|
∫
dR
=−
Ntot
R
∂
∂|b|
∫ ∞
0
dac
fac(ac)
acTorb(ac)
×
∫ RX+Rc(ac)
|b|
d|b|′
∫ 2pi
0
fcos θJ (sin θLOS cosΩ)
π
dΩ
=
1
RX
∫∞
ac,l
fac(ac)a
−5/2
c dac
〈aE〉−5/2
, (17)
7where ac,l = max[R
−1
c (|b| − RX), ac,min] if |b| > RX ,
ac,l = ac,min if |b| ≤ RX , and R
−1
c (|b|−RX) is an inverse
function of Rc(ac) = |b| − RX . If all of the clouds have
the same size, then f|b|(|b|) =
1
RX+Rc
for |b| ≤ RX +Rc.
For more general cases, such as those models listed in
Table 1, f|b|(|b|) is a constant when |b| ≤ RX + Rc,min,
and decreases with increasing |b| when |b| > RX+Rc,min,
where Rc,min is the minimum radius size of the clouds
(see more on size distribution in Section 3.3).
2.5.2. Probability distribution of the eclipse angle
For any given LOS, the PDF of Ω is given by
fΩ(Ω) ≃
fcos θJ (sin θLOS cosΩ)
πH (θLOS)
. (18)
As seen from equation (18), the PDF fΩ is mainly de-
termined by the spatial distribution of those eclipsing
clouds (or their parent population).
We note here that, in principle, the profile of the Fe
Kα line emission, if any, from the inner disk of an AGN
depends on the disk structure. If the eclipsing events
frequently occur with different (b,Ω), the changes of the
Fe Kα profile during those events are determined by
both the parameters (b,Ω) (Risaliti et al. 2011) and the
inner disk structure (or the emissivity law of the line).
Therefore, the variation of the Fe Kα line emission due
to eclipsing may also be used to probe the kinematic
structure of the parent population of the eclipsing clouds
and the inner disk structure.
2.5.3. Probability Distribution of the Eclipse Timescale
The PDF of the eclipse timescale tE can be obtained
by
ftE(tE) =
1
R
∂
∂tE
∫
dR,
=
Ntot
E
∂
∂tE
∫ ∞
0
dac
fac(ac)
acTorb(ac)
×
∫ RX+Rc(ac)√
[RX+Rc(ac)]2−
GM•t
2
E
4ac
db′
∫ 2pi
0
fJ(sin θLOS cosΩ)
π
dΩ,
=
∫ ∞
0
〈aE〉
5/2
a
5/2
c
[
1 +
Rc(ac)
RX
]
tE
t′E(ac)
fac(ac)dac√
t′E(ac)
2 − t2E
,
(19)
where
t′E(ac) = 2[RX +Rc(ac)]/
√
GM•/ac (20)
is the maximum eclipse duration (when b = 0). The
mean duration of the eclipsing events is given by 〈tE〉 =
∫
tEftE(tE)dtE = 〈N〉LOS/R, which can be further re-
duced to
〈tE〉=0.45 day
(
M•
107M⊙
)(
RX
5rg
)(
〈aE〉
104rg
)5/2(
〈aN 〉
104rg
)−2
.
(21)
According to Equation (21), 〈tE〉 ∝ M• if RX , 〈aE〉
and 〈aN 〉 all scale linearly with the mass of the central
MBH. The typical eclipsing duration for AGNs with cen-
tral MBH mass in the range from 106M⊙ to 10
9M⊙ is
〈tE〉 ∼ 0.05 to ∼ 50 days, which can be monitored by
most currently available X-ray missions. Note that the
eclipsing time tE due to individual clouds can be as long
as 103 days for those clouds located at the outer part of
the torus, or as short as 10−1 days for clouds located at
the inner part of the BLR (see the bottom-left panel of
Figure 5).
3. MONTE-CARLO SIMULATIONS OF THE
X-RAY ECLIPSES
In this section, we use Monte-Carlo simulations to re-
alize the kinematical motion of the clouds in AGNs and
the X-ray eclipses. We adopt eight models for the spa-
tial distribution and the intrinsic properties of the clouds
as listed in Table 1. Some settings for the parameters
involved in the cloud model are well motivated by ob-
servations as described below. The details of the Monte-
Carlo simulations are described in Section 3.5 and the
simulation results are presented in Section 3.6.
3.1. Settings on the Spatial Distribution of the Clouds
Observations have shown that different broad emis-
sion lines are originated from gas clouds or clumps
at different distances from the central illuminating
source. Those line-emitting clouds and clumps are
distributed over a large spatial extent, from the in-
ner edge of the BLR to the outer region of the dusty
torus. The high ionization emission lines (CIV, HeII,
etc.) are originated from a region closer to the central
MBH than the low ionization emission lines (Hβ, HeI,
etc.) (e.g., Gaskell & Sparke 1986; Kaspi et al. 2000;
Peterson et al. 2004; Landt et al. 2008; Bentz et al.
2010; Pancoast et al. 2011). Some lines in the infrared
(IR), e.g., OI, Paǫ, Brγ, are emitted from a region
even farther away, extending to the dust sublimation
radius rd, the presumed inner edge of the dusty torus
(Landt et al. 2008; Markowitz et al. 2014). It was also
suggested that the torus may be a smooth continuation
of the BLR (Schartmann et al. 2005; Suganuma et al.
2006; Elitzur & Shlosman 2006). We thus assume that
the radial distribution of those clouds and clumps can
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be described by a simple power-law function, and we
will not analyze them separately in this paper.
Infrared reverberation mapping observations have
shown that the dust sublimation radius is roughly given
by
rd≃ 0.40pc
(
Lbol
1045erg s−1
)1/2 (
Tsub
1500K
)2.6
≃ 0.45pcλ
1/2
Edd
(
M•
107M⊙
)1/2(
Tsub
1500K
)2.6
, (22)
where Lbol is the AGN bolometric luminosity, λEdd ≡
Lbol/LEdd is the Eddington ratio, LEdd ≃ 1.3 ×
1045erg s−1(M•/10
7M⊙) is the Eddington luminos-
ity, and Tsub is the dust sublimation temperature
(Suganuma et al. 2006; Nenkova et al. 2008). For
all of the models listed in Table 1, we assume that
Tsub = 1500K and λEdd = 0.1, since observations sug-
gest that most AGNs (and QSOs) accrete material via
a rate close to 0.1 − 0.3 (e.g., Kollmeier et al. 2006;
Shen et al. 2008). If M• = 10
7M⊙, rd is approximately
3× 105rg.
We assume that the radial distribution of those clouds
(and clumps) follows a broken power law with a transi-
tion radius rt, i.e.,
fac(ac) ∝

(ac/rt)
αac,1 , for ac ≤ rt,
(ac/rt)
αac,2 , for ac > rt.
(23)
The slopes αac,1 and αac,2 control the radial distribu-
tion of those clouds. For example, for a lower αac,1,
relatively more clouds are located in the inner region;
and for a larger αac,2, relatively more clouds are located
in the outer region. The transition radius rt may be pro-
portional to the dust sublimation radius rd, roughly the
boundary between the BLR and the dusty torus. The
reason is that the gas clumps (or clouds) in the region
outside of the sublimation radius may be significantly
less affected by the radiation from the central source
than those clouds within that radius. For all of the
models in Table 1, we assume that rt ∼ 0.1rd. In mod-
els C1-C4, the clouds are more concentrated in the inner
region compared with those in models A1, A2, B1, and
B2; the clouds are more concentrated in the outer region
in models B1 and B2 compared with those in the other
models. How the model results depend on the parame-
ter settings, i.e., the inner and the outer boundaries for
the spatial distribution of clouds, the Eddington ratio,
and the transition radius rt is discussed in Section 4.
The PDF of the orbital planes (or the direction of
the orbital angular momenta) of those clouds over the
solid angle is denoted as fcos θJ (cos θJ )/2π, i.e., the
fraction per solid angle (|d cos θJdφJ |). If the PDF of
fcos θJ (cos θJ) is uniform, then fcos θJ (cos θJ) = 1/2.
However, the spatial distribution of the clouds is prob-
ably flattened (e.g, Bentz et al. 2010; Li et al. 2013).
Considering this flattening, we assume that the distri-
bution of θJ follows a Schwarzschild or Rayleigh distri-
bution with
fcos θJ (cos θJ )d cos θJ ∝ θJe
−
θ2
J
2σ2
θJ dθJ , (24)
where we set σθJ = π/9 for all of the models listed in
Table 1. Considering that the distribution in Equation
(24) was derived with a small θJ approximation, we also
try the following distribution
fcos θJ (cos θJ )d cos θJ ∝ sin θJe
−
sin
2 θJ
2σ2
sin θJ dθJ , (25)
where σsin θJ = sin(π/9). The total angular momentum
of the clouds is none-zero in the distribution of Equa-
tion (24), and zero in Equation (25), which represents
some extreme case of the kinematic distribution of the
clouds. We find that choosing a different σθJ or a dif-
ferent distribution function of fcos θJ (cos θJ) affects only
the function H (θLOS), and thus R and 〈N〉LOS (which
can be obtained straightforwardly from Equations 12
and 15), but not the shape of the PSDs. For simplicity,
we only present the results obtained by using Equation
(24).
3.2. Ntot
The total number of the clouds in the BLR and the
dusty torus can be estimated for some sources according
to the fluctuations in the emission line profiles caused by
a finite number of discrete line emitters. For example,
Dietrich et al. (1999) estimated that the total number
of the clouds in the BLR of 3C273 is ∼ 108; Arav et al.
(1997) and Laor et al. (2006) put a lower limit of 3 ×
106 and ∼ 104 − 105 on the number of BLR clouds for
Mrk 335 and NGC4395, respectively; Arav et al. (1998)
found that the total number of the clouds in the BLR of
NGC 4151 has to be ∼ 3×107−108 in order to generate
the observed profile of the emission lines. However, it is
not clear whether the total number of the clouds in the
BLR and the dusty torus depends on AGN properties,
e.g., the MBH mass, the Eddington ratio. For simplicity,
we assume that the total number of clouds is Ntot =
107 for those AGN models investigated in this paper.
We have also further checked that choosing a different
Ntot, say, 10
6 or 108, does affect our estimates on the
eclipsing event rate (R) and the mean number of clouds
crossing the LOS at any given time (〈N〉LOS), but does
not affect our results on the shape of the PSD presented
in Section 4.
9Table 1. Parameters in the cloud models
Model αac,1 αac,2 ac,min
a Rc,0 αRc
b nH,0 αnH
c βh βl T
NH
B
(day)d γh γl T
LX
B
(day)e
A1 1 -0.5 103 2 1 1 -1.5 −4.0± 0.3 −0.94± 0.08 2.1± 0.6 −3.9± 0.2 −1.0± 0.1 2.2± 0.6
A2 1 -0.5 103 2 1 1 -1 −4.0± 0.1 −1.5± 0.1 2.5± 0.7 −3.7± 0.2 −1.4± 0.1 2.5± 0.9
B1 1 0 103 2 1 1 -1.5 −4.2± 0.2 −1.0± 0.1 2.3± 0.7 −4.0± 0.4 −1.1± 0.1 2.7± 0.9
B2 1 0 102 0.2 1 60 -1.5 −4.2± 0.2 −1.12± 0.03 1.6± 0.3 −4.0± 0.2 −1.17± 0.04 1.8± 0.4
C1 0 -0.5 103 2 1 1 -1.5 −6.3± 0.2 −0.88± 0.02 0.41± 0.09 −6.4± 0.2 −0.98± 0.03 0.4± 0.3
C2 0 -0.5 102 0.2 1 60 -1.5 −2.8± 0.1 −0.81± 0.08 1.8± 0.3 −2.6± 0.2 −0.91± 0.03 1.6± 0.3
C3 0 -0.5 102 0.2 1 102 -2 −2.3± 0.1 −0.20± 0.04 1.6± 0.4 −2.11± 0.09 −0.18± 0.04 1.7± 0.5
C4 0 -0.5 102 0.6 0.5 60 -1.5 −2.56± 0.09 0.39± 0.03 0.4± 0.1 −2.7± 0.2 0.33± 0.04 0.27± 0.08
aThe αac,1 and αac,2 are the power laws in the radial distribution of the clouds with low semimajor axes and high
semimajor axes, respectively; and ac,min is the minimum semimajor axis of the clouds, in units of rg. See Equation (23).
bThe αRc is the power law in the size distribution of the clouds, and Rc,0 is the size of the clouds closest to the central
MBH (with ac = ac,min), in units of rg. See Equation (26).
cThe αnH is the power law in the hydrogen density distribution of the clouds, and nH,0 is the density of those individual
clouds with ac = ac,min, in units of 10
11 cm−3. See Equation (27).
dThe parameters βl, βh, and T
NH
B are the PSD slope at low frequencies, the PSD slope at high frequencies, and the break
timescale (= 1/νB) obtained from the best-fit to the PSD of the mock column density variations by using Equation (29).
For all the models listed in the table, the viewing angle is set to 60◦, and M• = 10
7M⊙. Our calculations also show
that the shape of the PSD does not depend on the viewing angle. The break timescale TB may correlate with M•, as
described in Section 4.2.
eThe parameters γl, γh, and T
LX
B are the slope at low frequencies, the slope at high frequencies, and the break timescale
(= 1/νB) obtained from the best-fit to the PSD of the mock 2− 10 keV flux variations by using Equation (29).
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3.3. Settings on the Intrinsic Properties of the Clouds
The detected X-ray eclipsing events in some AGNs so
far suggest that the sizes of the eclipsing clouds should
be on the order of ∼ 1 − 102rg (e.g., Sanfrutos et al.
2013; Markowitz et al. 2014). It also appears that the
sizes of the eclipsing clouds increase with their increas-
ing distances from the central engine (Markowitz et al.
2014). However, the exact distribution of the sizes of
the eclipsing clouds and their parent population is not
currently known. For simplicity, we assume that the ra-
dius size of a cloud depends on its semimajor axis, i.e.,
Rc(ac) = Rc,0(ac/ac,min)
αRc , (26)
where Rc,0 is the size of those clouds located at the in-
ner edge of the BLR (ac,min). As listed in Table 1, we
set (αRc , Rc,0) = (1, 2rg) for the models A1, A2, B1,
and C1; (αRc , Rc,0) = (1, 0.2rg) for the models B2, C2,
and C3; and (αRc , Rc,0) = (0.5, 0.6rg) for the model
C4. With these settings, the clouds at a distance of
≃ 103rg from the central engine have almost the same
size (≃ 2rg) in all of these models; the filling factor
of the clouds within the outer boundary . 1.4 pc (for
M• = 10
7M⊙) is much smaller than one; and the cover-
ing factor is in the range of 0.5−0.8, compatible with the
constraints obtained from infrared observations of the
torus (e.g., Ichikawa et al. 2015; Nenkova et al. 2008).
Note here that the possible collisions among the clouds
are ignored in this study. In reality, those clouds in the
BLR and the dusty torus may be on eccentric orbits and
their velocities disperse, so that they may collide with
each other and be destroyed. The collision rate can be
roughly estimated by ∼ NtotΣ∆v/V , where Σ ∼ π〈R
2
c〉
is the mean cross section of those clouds, 〈R2c〉 is the
mean of the square radius of those clouds, ∆v is the
mean velocity dispersion, and V is the volume. If ∆v is
on the order of the Keplerian velocity, we find that the
collision rate is roughly a few times of 10−5 per year or
less per cloud, for Ntot = 10
7 and the size distribution
of the clouds listed in Table 1, which verifies the validity
of ignoring collisions in a period of less than a hundred
years investigated in this study.
We assume that the hydrogen density in a single cloud
is uniform and it depends on the distance of the cloud
from the central engine. Observations suggest that the
densities of BLR clouds correlate with the FWHM of the
broad emission lines and the typical hydrogen densities
of BLR clouds are in the range of 108 − 1011cm−3 or
even bigger (e.g., Peterson 1997; Osterbrock & Ferland
2006). Therefore, we assume that the hydrogen densi-
ties of the clouds follow a power-law function of their
distance to the central MBH, i.e.,
nH = nH,0(ac/ac,min)
αnH , (27)
where nH,0 is the hydrogen density of those clouds that
are the closest to the central MBH with ac = ac,min.
The value of the power-law index is in the range of −2 <
αnH < 0. For the models listed in Table 1, we set αnH =
−1 for model A2, α = −2 for model C3, and α = −1.5
for all of the other models. We set the density nH,0 =
6 × 1011cm−3 at ac,min = 10
2rg for models B2, C2, and
C4, and nH,0 = 10
11cm−3 at ac,min = 10
3rg for all of
the other models. According to these settings, we have
nH ≃ 10
11cm−3 at ac = 10
3rg for all of the models in
Table 1.
3.4. Size of the X-ray Emitting Region
Observations have suggested that the X-ray emitting
region of AGNs is close to the central MBH and its size is
small. For example, Dai et al. (2010) find that the sizes
of the X-ray emitting regions in some lensed QSOs are
smaller than 10rg by using the microlensing technique
to map the structure of the accretion disks around those
QSOs; Markowitz et al. (2014) find a similar size for the
X-ray emitting region by using individual X-ray eclips-
ing events (see also Lamer et al. 2003b; Sanfrutos et al.
2013). For simplicity, we set RX = 5rg for all the models
in this paper. In principle, the sizes of the emitting re-
gions in different AGNs can be somewhat different from
each other. The effects of the different choices of RX on
our results are discussed in Section 4.
For simplicity, we also assume that the brightness dis-
tribution of the X-ray source is homogeneous. If alterna-
tively we assume that the emissivity is uniform, we find
no significant difference in the model results presented
in this paper.
3.5. Variations of the Absorption Column Density and
the X-ray Emission
With the above settings, we performMonte-Carlo sim-
ulations to follow the Keplerian motions of the parent
population of those eclipsing clouds with random initial
orbital true anomalies. At any given moment, the posi-
tions of all of the clouds on the sky plane of the observer
(with a view angle of θLOS) can be obtained. As an
example, Figure 3 shows the spatial distribution of the
clouds generated from model C1, in which the clouds are
centrally concentrated because of αnH < 0. All of the
clouds that happen to transit the X-ray emitting region
and lead to X-ray eclipses can be identified at any given
moment for each model. The changes of the absorption
column densities and the X-ray flux with time can then
be obtained according to the description in Section 2.2
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Figure 3. Illustration map for the spatial distribution of those clouds resulting from model C1 (see Table 1). The left and
right panels show the face-on view and the edge-on view, respectively.
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Figure 4. Left panel: the mock observational X-ray spectra resulting from different absorption column densities. The red,
blue, magenta, and cyan lines represent the results for an absorption of NH = 10
21, 1022, 1023, and 1024 cm−2, respectively.
The dashed and the solid lines with the same color represent the results for the case with a view angle of θLOS = 60
◦ and 30◦,
respectively. Here the view angle is relevant because it needs to be set in the model pexrav for generating the Kα emission line
and the reflection component. Right panel: the ratio of the mock observed flux (LX) to the intrinsic X-ray flux (LX,0) at the
2− 10 keV band as a function of the absorption column density obtained from the model phabs*pexrav in the Xspec package.
The red solid and the blue dashed lines show the results for the cases with θLOS = 30
◦ and 60◦, respectively. See Section 3.5
for the details of the model parameters.
and the procedures below. In the meantime, we can
also obtain the total number of clouds across the LOS
(〈N〉LOS; see Eq. (15)) and the event rate of eclipses
(R); see Eq. (12)).
The modeled X-ray light curves of an AGN is gen-
erated by a combination of the transmitted flux of a
power-law intrinsic X-ray emission through the absorp-
tion cloud(s) and that of its reflection component. The
software XSPEC, version 12.8.1, is adopted to gen-
erate the mock spectra for those modeled AGNs by
phabs ∗ pexrav2, where the pexrav is the disk reflection
model (Magdziarz & Zdziarski 1995) with a canonical
power-law index of −1.8, and the input column density
is given by NH,eff(t) obtained from our simulations. The
X-ray flux variations LX(t) at the 2 − 10 keV band can
then be obtained by integrating the mock X-ray spectra.
We find that a slight deviation to the canonical power-
law index leads to little change in the model results. We
2 http://cxc.cfa.harvard.edu/ciao/
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Figure 5. Statistical properties of the X-ray eclipses resulting from those models listed in Table 1. Panels (a) and (b) show the
event rate of the X-ray eclipses (R) and the time-averaged number of the eclipses (〈N〉LOS) as a function of the viewing angle
θLOS, respectively. Panels (c) and (d) show the PDFs for the time of eclipse (ftE(tE)) and the semimajor axes of the eclipsing
clouds (fac,E(ac); Eq. 14), respectively. The different colors in the panels represent the results from the different models, as
indicated by the text in panel (d). In each panel, the lines represent the results obtained from the analytical estimations
presented in Section 2, and the magenta circles represent the results obtained from the Monte-Carlo simulations described in
Section 3. For view clarity, we only show the Monte-Carlo simulation results for one model (C1), as the Monte-Carlo simulation
results are well consistent with the analytical estimations. Since ftE(tE) and fac,E(ac) are independent of the view angle θLOS
for all the models, here we only show the results for those models obtained by assuming θLOS = 60
◦ in panels (c) and (d).
also find negligible difference when changing the work-
ing model to phabs ∗ powerlaw, i.e., an absorbed pure
power-law model, as the reflection component is . 5% of
the total flux in the 2− 10keV band. For simplicity, the
reflection component from individual clouds is ignored.
In this paper, we focus on the 2−10keV band because
the cloud absorption of the X-ray emission in this band
is sensitive to the column density when 1021 . NH,eff .
1024cm−2, similar to the range of the effective absorp-
tion column density currently detected for the eclipsing
AGNs (e.g., Risaliti et al. 2002). To demonstrate this,
the left panel of Figure 4 shows the mock observational
spectra resulted from the several cases with column den-
sities of 1021, 1022, 1023, and 1024cm−2, respectively; the
right panel of Figure 4 shows the ratio of the mock flux
to the intrinsic X-ray flux in the 2 − 10 keV band. As
seen from Figure 4, if NH,eff . 2×10
20cm−2, the absorp-
tion is insignificant; and if NH,eff & 4 × 10
24cm−2, the
source is Compton-thick and almost all X-ray radiation
at 2−10 keV are absorbed. The absorption column den-
sities resulting from all of the models discussed in this
paper are indeed in the range from ∼ 1021 to 1024 cm−2
in most of the cases.
We obtain the variation curves for the mock X-ray
flux LX(t) and the mock column density NH,eff(t)
with time intervals of δt within a period of Ttot.
Note that the PSDs derived from the variations of
the mock X-ray flux and absorption column density
(see Section 4) are valid within the frequency range
T−1tot . ν . δt
−1. We set δt = 10−3 days and Ttot =
105 days, which covers the frequency range of the esti-
mated PSDs for some AGNs, with ν ∼ 10−3–10−9Hz,
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Figure 6. Evolution curves for the number of the eclipsing clouds (〈N〉LOS; top panels), the absorption column density due
to the eclipses (NH,eff ; Eq. 10; middle panels), and the mock observations of the 2 − 10 keV flux (LX) relative to the intrinsic
2− 10 keV X-ray flux (LX,0; bottom panels) obtained for model C1. The black and the blue lines in the middle panels represent
the total column density and the contribution by the individual clouds across the LOS, respectively. The viewing angle θLOS is
set to 75◦, 60◦, and 40◦ in the left, middle, and right panels, respectively. The magenta crosses in the middle and bottom panels
mimic the observational samples collected in every 3 days. As seen from the figure, the absorption at a given time is caused by
multiple clouds if θLOS is high and mainly caused by a single cloud if θLOS is low.
(e.g. McHardy & Czerny 1987; Uttley et al. 2002;
Markowitz et al. 2003; Gonza´lez-Mart´ın & Vaughan
2012). Note that the adopted Ttot is longer than the
currently available observation period on the long-term
X-ray variations of AGNs. Choosing a sufficiently long
Ttot is reasonable for the purpose of this paper so that
the shape of the PSDs revealed from our Monte-Carlo
simulations in Section 4 below spans a sufficiently wide
frequency range. With the adopted values of δt and Ttot,
we have δt≪ TB ≪ Ttot (TB = 1/νB in Eq. 29), and the
adopted time resolution is sufficiently high and the total
time duration is sufficiently long for the convergence of
the model results.
3.6. Results
Figure 5 shows the statistical properties of the X-ray
eclipses obtained for those models listed in Table 1. The
curves in the figure represent the results obtained from
the analytical estimates presented in Section 2. As the
Monte-Carlo simulation results are quite consistent with
the corresponding analytical estimates, we only show
the Monte-Carlo simulation results of one model (C1)
in Figure 5 for view clarity. As seen from Figure 5(a),
the event rate R depends strongly on the viewing angle
θLOS simply because of the dependence on the function
H (θLOS) (see Eq. 12). For those models with the same
viewing angle, R also strongly depends on the average
semimajor axis of the cloud ensemble 〈aE〉 (Eq. 13),
which is determined by the radial and the size distri-
butions of the eclipsing clouds. Choosing a different
distribution of the sizes of the eclipsing clouds and/or a
different inner boundary for the clouds (ac,min) leads to
a different event rate. Those models with more clouds
located at the inner region (models C1-C4) generally
have larger event rates compared with those models with
more clouds located at the outer region (models B1 and
B2). For models A1 and A2, the majority of the clouds
are located at intermediate distances to the central MBH
so that the event rates of the eclipses are also interme-
diate compared with the other models.
Figure 5(b) shows the mean number of the eclips-
ing clouds (〈N〉LOS) for different models, which are
compatible with the observational constraints for some
AGNs (e.g., Nenkova et al. 2008; Ichikawa et al. 2015).
As shown in this panel, 〈N〉LOS depends on the view-
ing angle because of the assumed flattening of the
spatial distribution for the parent population of the
eclipsing clouds. According to Equation (15), 〈N〉LOS
also depends on 〈aN 〉, which is determined by fac(ac),
Rc(ac), and RX . Note that the 〈N〉LOS resulting from
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models A1, A2, B1, B2, and C1-C3 are similar for
a fixed viewing angle, as shown in panel (b). In
all of these models, αac = 1 and 〈aN〉
−2 ∝
∫
[1 +
Rc(ac)/RX]
2fac(ac)a
−2
c dac ∼constant, which coinciden-
tally leads to quite similar 〈N〉LOS because 〈N〉LOS ∝
〈aN 〉
−2. In model C4, αkc = 0.5, i.e., the sizes of the
majority of the clouds are set to be substantially smaller
than those in other models, and thus 〈N〉LOS is much
smaller than that from other models.
Figure 5(c) and (d) show the distribution of the time
periods of eclipses [ftE(tE); Eq. 19] and the distribu-
tion of the semimajor axes of eclipsing clouds [fac,E(ac);
Eq. 14], respectively. For models B1 and B2, relatively
more clouds are located at large distances, and thus
there are relatively more eclipses with long periods, com-
pared with those of the other models. For models B2,
C2, C3, and C4, the inner boundary for the clouds is
smaller, and thus there are relatively more eclipses with
short periods (. 1 day), compared with those of the
other models (A1, A2, B1, and C1). The sharp de-
crease of ftE(tE) at the short-timescale end is mainly
due to the cutoff of the semimajor axes at ac,min for
the eclipsing clouds. As seen from Figure 5, ftE(tE) and
fac,E(ac) also strongly depend on the size distribution of
the clouds (Rc(ac)). For model C4, the sizes of clouds
are set to be substantially smaller than those clouds in
other models, especially at large ac, which leads to a
sharp decrease of the number of eclipses with large ac.
Figure 6 shows the evolution curves for the number
of eclipsing clouds (〈N〉LOS; top panels), the absorption
column density (NH,eff ; Eq. 10; middle panels), and the
ratio of the “observed” X-ray flux to the intrinsic X-
ray flux (LX/LX,0; bottom panels) obtained from the
simulations for model C1, respectively. The absorption
column density contributed by each individual eclipse
cloud (the blue solid lines) are also shown in the mid-
dle panels. Among them, the long-time variations of
both the X-ray flux and the column density are due to
the eclipsing clouds in the dusty torus; the short-time
variations are due to the eclipsing clouds in the BLR.
As seen from Figure 6, the absorption structures are
complex if the viewing angle is large (e.g., θLOS = 75
◦)
because the absorption at any given time can be due
to multiple clouds (the left middle and bottom pan-
els), while it is relatively simple if the viewing angle
is small (e.g., θLOS = 40
◦) because the absorption is
caused by individual eclipsing clouds occasionally (the
right middle and bottom panels). According to Figure 6,
the presumption adopted in many previous studies that
the observed variations of the absorption column den-
sity is due to single eclipsing clouds may not be real-
istic (e.g., Risaliti et al. 2009; Nardini & Risaliti 2011;
Sanfrutos et al. 2013; Markowitz et al. 2014).
3.7. Reconstruction and Decomposition of Individual
Eclipses
In principle, the individual eclipsing events can be
reconstructed by using the evolution curves of the X-
ray flux and the absorption column density. The infor-
mation on the properties of those eclipsing clouds may
thus provide strong constraints on the spatial distribu-
tion and the intrinsic properties of their parent popu-
lation as demonstrated in some previous studies (e.g.,
Sanfrutos et al. 2013). However, it is usually assumed
in those studies that the variations of the absorption col-
umn density and the X-ray flux are simply due to one
single eclipsing cloud. This simplified assumption may
be violated in some cases. For example, (1) the peri-
ods with and without absorption by eclipses are mixed
together when the time resolution of the X-ray observa-
tions is not sufficiently high (e.g., substantially longer
than 〈tE〉), and thus the variation of the absorption col-
umn density estimated from the observations is biased;
(2) the absorption may be complicated when more than
one cloud crosses the LOS at the same time (e.g., see
the case with θLOS = 60
◦ for model C1 in Fig. 6), and
the assumption of one single cloud eclipsing may lead
to an underestimation of the total number of the clouds
and significant biases in the estimation of the intrinsic
properties of those clouds.
Whether the properties of individual eclipsing clouds
can be accurately reconstructed from the variation
curves of the X-ray flux/luminosity depends on the
mean number of the eclipsing clouds at a given mo-
ment even if the time resolution is sufficiently high. The
properties of the eclipsing clouds may be securely recon-
structed from the X-ray flux curve if 〈N〉LOS . 1 − 2.
However, they are difficult to constrain if 〈N〉LOS > 2
because of the complicated and irregular absorption
due to multiple eclipsing clouds at almost any given
moment. As shown in Figure 6, 〈N〉LOS can be larger
than 2 for some settings on the spatial distribution and
the intrinsic properties of the parent population of the
eclipsing clouds. Therefore, it is not easy to directly
extract the properties of the eclipsing clouds from the
variation curves of the absorption column density and
the X-ray flux.
4. POWER SPECTRAL DENSITY OF THE X-RAY
FLUX VARIATION
The PSD is a powerful tool to investigate the nature
of the flux variation at a given band for AGNs and X-ray
binaries (e.g., Uttley et al. 2002; Markowitz et al. 2003;
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Figure 7. Smoothed PSDs (P (ν)) resulting from the mock
observations of the 2 − 10 keV X-ray flux variations for dif-
ferent models. The top panel shows the results obtained for
models A2 (red), C2 (blue), C3 (green), and C4 (magenta),
respectively; the bottom panel shows the results obtained for
models A1 (red), B1 (blue), B2 (green), and C1 (magenta),
respectively. The error bars associated with each data point
show the Poisson errors due to the limited number of points
in each logarithmic frequency bin. The solid lines with dif-
ferent colors represent the best fit of a double power law to
the points of each model (see Eq. 29). The model results are
independent of the viewing angle θLOS. The PSD indicates
a breaking power-law distribution. See Section 4.
Gonza´lez-Mart´ın & Vaughan 2012; Cui et al. 1997). In
this section, we investigate the dependence of the PSD
extracted from the mock variations of LX and NH,eff
on the model parameters listed in Table 1. For a given
variation curve of the ‘observed’ 2 − 10keV X-ray flux
or NH,eff , we first obtain its discrete Fourier transform,
F (ν). Given the total observational duration Ttot and
the sampling interval δt, then the total number of the
data points is N = Ttot/δt. The frequencies have N/2
discrete values, i.e., νj = j/Ttot with j = 1, 2, ...N/2.
The normalized PSD of the variation curve can then be
obtained by
P (νj) =
2Ttot
σ2N2
|F (νj)|
2 , (j = 1, ..., N/2), (28)
where σ is the variance of the curve with substantially
large Ttot and small δt, i.e., σ
2 =
1
N
N∑
i=1
(LX(ti)−〈LX〉)
2,
ti represents the time at the ith time interval, and
〈LX〉 =
1
N
N∑
i=1
LX(ti) is the mean. Note that the nor-
malized PSD defined above is slightly different from
those PSDs adopted in the literature (denoted by P ′(ν)),
with P ′(ν) = 2Ttotµ2N2 |F (ν)|
2 = σ
2
µ2P (ν), where µ = 〈LX〉
(e.g., Markowitz et al. 2003; Uttley et al. 2002). With
the definition in Equation (28), the PSDs resulting from
different variation curves all satisfy
∫
P (ν)dν = 1, which
enables us to focus on the PSD shape without involving
other complexities caused by the variations as discussed
later in Section 4.3.
The P (ν) directly estimated from Equation (28) con-
tains a total number of N/2 ∼ 107 points and is usually
noisy. To reduce the noise, we divide the logarithm of
the frequency ν into 20 bins with an equal logarithmic
interval δ log ν, and in each bin of log νk − δ log ν/2 →
log νk + δ log ν/2 (k = 1, 2, ...20), we set P (log νk) to be
the mean value within this frequency bin. In Section 4.1,
we fit the shape of the PSD mainly in the range of ν from
3/Ttot to 1/(6δt). We find that the PSDs resulting from
those models listed in Table 1 can be approximately
described by a double power law, typically within the
frequency range from ∼ 10−3 to 10−9Hz, as shown in
Figure 7. At the low-frequency end, i.e., ν ≪ 10−9Hz,
the PSDs drop sharply, mainly due to the cutoff of the
distribution of clouds at an outer boundary ac,max; at
the high-frequency end, i.e., ν & 10−3Hz, the PSDs may
fluctuate if the time interval of the measurements δt is
not sufficiently small. We do not include the sharply
dropping part of the PSDs at low frequencies and the
fluctuating part at high frequencies when using a dou-
ble power-law form to fit the PSDs below.
4.1. The Shape of the Power Spectrum Density
In the absorption scenario presented above, the shape
of the PSD contains the information on the spatial distri-
bution and the intrinsic properties of the eclipsing clouds
and their parent population. We choose the following
double power-law form to describe the PSD shapes of
the X-ray flux variations resulting from the models listed
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in Table 1, i.e.,
P (ν) = A
(
ν
νB
)γl [
1 +
(
ν
νB
)2](γh−γl)/2
, (29)
where A is the normalization of the PSD, γl and γh are
the slopes of the PSD at the low frequencies and the high
frequencies, respectively, and νB is the break frequency
at the turning point. The break timescale, correspond-
ing to the break frequency, is defined as TLXB ≡ 1/νB.
Similarly, the PSDs for the absorption column density
NH,eff variations can also be fitted by a double power-law
function, the same as that shown by Equation (29); and
for these cases we denote the slopes at the low frequen-
cies and the high frequencies by βl and βh, respectively,
and the break timescale by TNHB ≡ 1/νB.
The best-fit values of γl, γh, and T
LX
B (or βl, βh, and
TNHB ) for those PSDs resulting from the mock obser-
vations for different models are listed in Table 1. We
find that the PSD shapes are independent of 〈N〉LOS,
if the absorption column density is in the range of
1021 − 1024cm−2. Figure 7 shows the PSDs obtained
from the mock observations for models A2, C2, C3, and
C4 (top panel), and models A1, B1, B2, and C1 (bot-
tom panel), respectively. Our calculations show that the
PSD shapes resulting from the mock observations on the
X-ray flux and those from the absorption column den-
sity are quite similar (see the best-fit values for the PSD
shapes in Table 1). We find that such a similarity re-
mains if the effective absorption column density is in the
range of 1021− 1024cm−2, in which the mock X-ray flux
is sensitive to the variation of NH,eff . Note that the sizes
and the hydrogen densities of those eclipsing clouds with
the same semimajor axis ac are probably not exactly
the same, which is not considered in our calculations.
If considering the scatters of those model parameters,
then the resulting PSDs near the break frequency should
be smoothed slightly, and therefore the break frequency
and the power-law slopes at both the high and the low-
frequency ends may also change slightly, compared with
those obtained without considering the scatters of the
sizes and hydrogen densities.
A number of studies based on the PSD analysis of the
X-ray variations suggested that the PSDs of AGNs have
a slope of γl ∼ −1 at the low frequencies and −4 <
γh ≤ −2 at the high frequencies (e.g., Markowitz et al.
2003; Uttley et al. 2002; Gonza´lez-Mart´ın & Vaughan
2012). According to Table 1, models A1, B1, B2,
C1, and C2 can produce PSDs similar to the obser-
vational ones. Those models with less column den-
sity variations caused by the clumps in torus, e.g.,
model C3 (or C4), result in γl = −0.2 (or 0.3 ), in-
consistent with observations. Since the X-ray varia-
tions in some AGNs, e.g., NGC 1365 (e.g. Risaliti et al.
1999), NGC 7582 (e.g. Risaliti et al. 2002), and NGC
4151 (Schurch & Warwick 2002; Markowitz et al. 2014),
are probably dominated by the absorption of eclips-
ing clouds, therefore, the observationally determined
γl ∼ −1 at the low frequencies (corresponding to long
timescales) for the AGN PSDs may support the scenario
in which the eclipsing due to the clumps in the dusty
torus plays an important role in the column density and
flux variations. In principle, the observational measure-
ments on the PSDs of AGNs can put strong constraints
on the spatial distribution and intrinsic properties of the
eclipsing clouds and their parent population, which may
be obtained by future X-ray observations and missions.
The X-ray flux variation resulting from any of the
models listed in Table 1 is dominated by those eclipsing
events with b ∼ 0, which lead to relatively larger col-
umn density variations. If the X-ray variation is mainly
contributed by eclipsing clouds with the same ac, then
the corresponding PSD approximately peaks at a fre-
quency ∼ ν′E(ac) ≡ 1/t
′
E(ac). Here t
′
E(ac) is the maxi-
mum eclipsing time of the clouds with semimajor axes
ac, which is given by Equation (20). Figure 8 shows the
PSD derived from the mock X-ray flux variations due
to eclipses by clouds with the same semimajor axes, i.e.,
ac = 10
2, 103, 5× 103, and 104 rg, respectively. As seen
from this figure, our numerical results demonstrate that
the PSDs do peak at ν ∼ 1/t′E(ac).
If the PSD of the X-ray variation is contributed by
eclipsing clouds with various ac, the magnitude of the
PSD at a given frequency ν then approximately cor-
responds to the X-ray variation contributed from those
eclipsing clouds at ac = t
−1
E′ (1/ν) (here t
−1
E′ is the inverse
function of tE′). Therefore, the PSD at low frequencies
is determined by the eclipsing clouds at the outer re-
gion, while at high frequencies it is determined by the
clouds at the inner region. The detailed dependence of
the shape of the PSD (i.e., a double power-law shape
described by TB, γl, and γh) on the model parameters
is discussed as follows.
4.1.1. The Break Timescale TB
Table 1 lists the break timescale corresponding to
the break frequency νB of the PSDs for the mock
X-ray variations (TLXB ) and also those for the mock
column density variations (TNHB ) resulting from dif-
ferent models. Assuming that the mass of the cen-
tral MBH is 107M⊙, the break timescale T
LX
B ob-
tained from different models range from 0.3 to 3 days,
which appears roughly consistent with the observa-
tions (Markowitz et al. 2003; McHardy et al. 2006;
Gonza´lez-Mart´ın & Vaughan 2012).
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Figure 8. The PSDs [P (ν)] resulting from a model in which all the clouds are set to have the same semimajor axis and all the
other model parameters are similar to those in model C2. The semimajor axes of the clouds are 104rg (top-left panel), 5×10
3rg
(top-right panel), 103rg (bottom-left panel), or 10
2rg (bottom-right panel), as labeled in each panel. The error bars associated
with each data point show the Poisson errors due to the limited number of points in each logarithmic frequency bin. The vertical
red solid line and the blue dotted line in each panel mark the positions of ν = 1/Torb(ac) and ν = 1/tE′(ac), respectively, where
Torb(ac) is the orbital period of a cloud with semimajor axis of ac, and tE′(ac) is the maximum eclipsing timescale given by
Equation (20). This figure illustrates that the break shown in the PSD P (ν) is dominated by the characteristic timescales
tE′(ac) and Torb(ac). See Section 4.1.1.
Since the PSD at the low (or high) frequencies is
mainly determined by the clouds at the outer (or inner)
region, the shape of the PSD due to absorption may be
bent over at several frequencies due to the existence of
the following characteristic scales.
• The break radius rt in the spatial distribution of
the clouds (Eq. 23): if αac,1 6= αac,2, the radial
distribution of those eclipsing clouds in the region
inside rt is different from that in the region outside
rt.
• The inner boundary for the spatial distribution of
the eclipsing clouds, i.e., ac,min > 0: no eclipsing
clouds exist within ac,min, and therefore, the PSD
drops rapidly at frequencies ν & 1/tE′(ac,min).
• The characteristic semimajor axis aeq at which the
cloud size Rc is equal to the X-ray source size
RX: for an eclipsing cloud with ac < aeq and
Rc . RX, the resulting absorption column den-
sity approximately follows NH ∝ R
3
c/R
2
X; while for
an eclipsing cloud with ac ≫ aeq and Rc(ac) ≫
Rc(aeq), the column density approximately fol-
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lows NH ∝ Rc. The dependence of NH on Rc
changes smoothly around aeq. According to our
numerical results, we find that the turning points
of the PSD are around ν ∼ 1/tE′(aeq), where
aeq = R
−1
c (ξRX) = ac,min(ξRX/Rc,0)
1/αRc , and
ξ is slightly model-dependent. For model C1, we
have ξ ≃ 1.7. For other models listed in Ta-
ble 1, we have ξ ∼ 0.3 − 2.0. If Rc,0 < ξRX,
we have aeq ≥ ac,min. However, aeq does not exist
if Rc,0 > ξRX.
We find that the resulting PSDs from those mod-
els listed in Table 1 bend over slightly near νE′(rt) =
1/tE′(rt) if αac,1 6= αac,2. For those models listed in Ta-
ble 1, we have νE′(rt) ≪ νB. Our model results show
that this bending of the PSDs around νE′(rt) is not sig-
nificant compared with that near νB = 1/TB. The main
reason is that the difference between αac,1 and αac,2
is only moderate. However, the radial distributions of
eclipsing clouds for models with extremely large differ-
ences between αac,1 and αac,2 are usually unphysical.
For example, the cases with clouds extremely abundant
at the outer region of the dusty torus while no clouds
are in the BLR, or vice versa, are inconsistent with ob-
servations and the unification model for AGNs.
We find that the resulting PSDs break significantly
near νE′(ac,min) = 1/tE′(ac,min) due to the existence of
an inner boundary (ac,min) for the cloud spatial distribu-
tion, or near νE′(aeq) = 1/tE′(aeq) due to the existence
of the characteristic scale aeq. If both ac,min and aeq
exist, then the break frequency νB obtained from the
fitting to the PSDs is roughly given by the one with a
smaller value, i.e.,
νB ∼ min[νE′(ac,min), νE′(aeq)], (30)
which appears as the first significant break in the PSDs
with ν > 10−8 Hz, while the higher frequency one indi-
cates a further decrease of the PSD magnitude at fre-
quencies ν > νB (the slope of those PSDs at higher
frequencies becomes steeper). Figure 9 illustrates the
dependence of the break frequency νB and the break
timescale TB on RX, ac,min, and αRc , as suggested by
Equation (30). As seen from this figure, TB increases
with increasing the inner boundary of the radial distri-
bution of the eclipsing clouds (ac,min, top-left panel), or
with increasing the source sizes (RX, bottom-left panel).
The right panels of this figure show that TB increases
from ∼ 1 day to 2 days when ac,min increases from 100rg
to 104rg, and TB increases from ∼ 1 day up to ∼ 4 days
when RX increases from 5rg to 15rg. These results are
well consistent with the predictions by Equation (30).
The PSDs obtained from our models usually turn over
smoothly around the break frequency νB. However, the
PSDs obtained from observations are sometimes limited
by the total observational duration (Ttot) at the lowest
frequency (νmin ∼ 1/Ttot) and the minimum sampling
interval (δt) at the highest frequency (νmax ∼ 1/(2δt)).
If νmin (or νmax) is close to νB, then the γl (or γh) and
νB obtained from the best fits to the PSDs are biased. It
is important to perform observations with a sufficiently
long period and a sufficiently small time interval in order
to estimate the shape of the PSD for the X-ray variation
of an AGN accurately.
Note that the existence of the outer boundary for the
spatial distribution of those eclipsing clouds may also
lead to a break in the PSD. This break, however, corre-
sponds to a timescale of ≫ 10 years, which is probably
difficult to probe in the near future.
4.1.2. The PSD Shape at Low Frequencies: γl
The slope of the PSD at frequencies < νB is mainly
determined by the spatial distribution and the intrinsic
properties of the eclipsing clouds at the outer region,
i.e., the dusty torus. If the clouds at the outer region
in a model have relatively larger sizes (larger αRc) and
hydrogen densities (larger αnH), or they are more abun-
dant, compared with those in another model, then the
PSD slope at low frequencies (γl or βl) resulting from
this model should be steeper (smaller) than those from
the other model. For example, γl resulting from the
model A2 is smaller than that from model A1 simply be-
cause the hydrogen densities of the clouds in the dusty
torus region in model A2 are relatively larger compared
with those in model A1. Similarly, γl resulting from
model C3 or C4 is larger than that from model C2 be-
cause the hydrogen densities of the eclipsing clouds at
the outer region in model C3 are relatively smaller than
those in model C2 or the sizes of those clouds in model
C4 are relatively smaller than those in model C2. As
seen from Figure 7, the magnitude of the PSD at lower
frequencies resulting from model B1 is slightly larger
than that from model C1 (smaller γl) because there are
relatively more clouds distributed at the outer region in
model B1 than those in model C1. Increasing the value
of αRc , αnH , αac,2, λEdd, or rt, the contributions from
those eclipsing clouds at large distance to the central
MBH to the PSD increases correspondingly, which re-
sults in a smaller γl. As an example, for model C2, γl
decreases from ∼ −0.8 to −1.2 if rt/rd increases from
0.01 to 1; while γl decreases from ∼ 0.3 to ∼ −1.3 if
αRc increases from 0.5 to 1.2; for model C1, γl decreases
from −0.2 to −1.4 if αnH increases from −2.5 to 1.0;
while γl decreases from −0.8 to −1.2 if λEdd increases
from 0.01 to 1. We find that the dependence of γl on
19
10-9 10-8 10-7 10-6 10-5 10-4 10-3
ν (Hz)
10-6
10-5
10-4
10-3
10-2
10-1
100
νP
(ν
)
ac,min
100
103
5× 103
104
102 103 104
ac,min (rg)
100
101
T
L
X
B
 (
d
a
y
)
10-9 10-8 10-7 10-6 10-5 10-4 10-3
ν (Hz)
10-6
10-5
10-4
10-3
10-2
10-1
100
νP
(ν
)
RX
5
7
10
15
4 8 12 16
RX (rg)
100
101
T
L
X
B
 (
d
a
y
)
Figure 9. Top-left panel: the PSDs resulting from model C2 and three other models with parameters similar to those in
model C2 except for a different value of the inner boundary of the spatial distribution of those clouds as labeled in the figure
(ac,min = 10
3, 5× 103, and 104rg, respectively). The vertical red dashed line overlaps with the vertical blue dashed line in this
panel. Top-right panel: the break timescales obtained from the fittings to the PSDs shown in the top-left panel. Bottom-left
panel: the PSDs resulting from model C2 and three other models with parameters similar to those in model C2 except for
a different value for the size of the X-ray source as labeled in the figure (RX = 7, 10, and 15rg, respectively). Bottom-right
panel: the break timescales obtained from the fittings to the PSDs shown in the bottom-left panel. The solid lines in the left
panels represent the best fits to the PSDs. The vertical dashed lines in the left panels represent the estimates obtained from
Equation (30). The black dashed curves in the right panels represent the estimates obtained from Equation (30). The simulation
results are consistent with Equation (30) well, which suggests that the break frequency in the PSD is mainly affected by the
clouds with semimajor axis ac ∼ max(ac,min, aeq). See Section 4.1.1.
other parameters, i.e., RX, ac,min, and αac,1, is little (see
Fig. 9).
Note also that the γl and γh of PSDs are independent
of nH,0 if the column density NH ranges from 10
21 to
1024cm−2, as the increase of nH,0 enhances the contri-
bution to the PSDs at both low and high frequencies
simultaneously.
4.1.3. The PSD Shape at High Frequencies: γh
The magnitude of the resulting PSD at high frequen-
cies, usually above 10−5−10−4Hz for an MBH with mass
107M⊙, is mainly determined by the eclipsing clouds
(e.g., the BLR clouds) at close distances to the MBH. If
the eclipsing clouds at the inner region in a model have
relatively larger sizes and densities, or if they are more
abundant at small ac, compared with those in another
model, then the magnitude of the resulting PSD (not
the slope) at high frequencies is larger compared with
the other model. As discussed in Section 4.1.1, the steep
bending-down of the PSD at high frequencies is mainly
due to the lack of eclipsing clouds within ac,min and
the less significant absorption due to those clouds with
smaller ac because of their smaller size and consequently
smaller absorption column densities (NH ∝ R
3
c(ac)/R
2
X).
The steep slope of the PSD at high frequencies γh thus
indicates the degree of the lack of those eclipsing events
with small distances to the MBH (or small ac). We find
that γh mainly depends on ac,min and the index αRc
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describing the size change of the eclipsing clouds with
the semimajor axis. As shown in Figure 9, for a larger
inner boundary (ac,min) of the cloud distribution, the
slope of the PSD at high frequencies is steeper. The
αac,1 affects the value of γh. Decreasing αac,1 increases
the magnitude of the PSD at frequencies higher than
the break frequency and lower than νE′(ac,min) (e.g.,
see the PSDs of models A1 and C1 in the frequency
range ∼ 10−5 − 10−3 Hz in Fig. 7), which may lead
to a smaller γh in the double power-law fit to the PSD
if amin is only several times smaller than aeq as in the
case for model C1. As seen from Figure 7, γh in model
C1 is steeper than that in model A1, although αac,1
in model C1 is relatively smaller, which is because no
clouds are set within the inner boundary ac,min = 10
3rg
and the decrease of αac,1 leads to a larger change be-
tween the numbers of the clouds contributing to the PSD
at ν ∼ 10−5 − 10−4 Hz and those contributing to the
PSD at higher frequencies. If amin ≪ aeq, decreasing
αac,1 may increase the slope of γh within the frequency
range νE′(aeq) . ν ≪ νE′(ac,min). If amin > aeq, the
dependence of γh on αac,1 is weak. The γh also depends
on αnH (models C2 and C3). The γh is insensitive to
λEdd and rt, as νE′(rt) ≪ νB. The value of RX may
affect the position of νB , but not γh.
4.2. The Relationship between TB and M•
A number of observations suggest that the break
timescales TLXB obtained from the PSDs of the AGN
X-ray variations correlate with the masses of the cen-
tral MBHs. For example, Markowitz et al. (2003) found
a linear correlation between these two quantities as
TLXB /day = M•/10
6.5M⊙; McHardy et al. (2006) con-
firmed the correlation between TB and M•, and they
further suggested that the accretion rate should also
be included in the relationship, i.e., log(TLXB /day) =
2.1 log(M•/10
6M⊙) − 0.98 log(Lbol/10
44erg s−1) − 2.3,
where Lbol is the bolometric luminosity; Gonza´lez-
Mart´ın & Vaughan (2012) recently obtained a similar re-
lationship, i.e., log(TLXB /day) = 1.34 log(M•/10
6M⊙) −
0.24 log(Lbol/10
44 erg s−1) − 1.9, of which the depen-
dence on the accretion rate is subsequently weaker com-
pared with that in McHardy et al. (2006).
To study the scaling relation between TLXB and M• in
the absorption scenario for the X-ray variations, we per-
form more simulations for those models with the same
settings as models A1, C1, and C2, respectively, except
for adopting various masses for the central MBH in the
range from 106 to 2 × 108M⊙. (For other models, we
obtain the similar conclusions.) We find that the shape
of the PSD is independent of the setting for the hy-
drogen densities of those clouds with semimajor axis of
ac,min (i.e., nH,M•,0) if the absorption column density is
in the range from ∼ 1021 to 1024 cm−2. Therefore, we
simply set nH,M•,0 = nH,0(10
7M⊙/M•), where nH,0 is
the initial setting for those cases with M• = 10
7M⊙ as
listed in Table 1. With this setting, those cases with too
many Compton-thick clouds are avoided. Alternatively
setting an nH,0 a few times larger, or smaller, for those
models listed in Table 1, does not significantly affected
the model results.
Figure 10 shows our model results on TLXB as a func-
tion of M•. As seen from the figure, the absorption
scenario for the AGN X-ray variations naturally leads
to a strong correlation between TLXB and M•, which can
be consistent with the relationship obtained from obser-
vations. The scatters in the spatial distribution and the
intrinsic properties of the eclipsing clouds among indi-
vidual AGNs, indicated by the different model settings
listed in Table 1, and those shown in Figure 9, may lead
to a scatter in the relationship as shown in Figure 10.
The rough consistency between the observations and
our model results suggests that the absorption model,
i.e., that the AGN X-ray variations are mainly caused by
those eclipsing clouds crossing the LOS, may provide a
natural explanation to the shapes of the PSDs for some,
if not all, AGNs and the scaling relation between the
break timescales and the MBH masses for those AGNs.
In principle, a comparison between the TLXB − M• re-
lation resulting from those absorption models and the
observational ones may put strong constraints on the
model parameters. However, it appears there are large
uncertainties in the observationally estimated TLXB −M•
relation (as large as 1 dex), which prevent a detailed sta-
tistical comparison of the model results with the obser-
vational ones.
For those absorption models with the same settings
on the spatial distribution and the intrinsic properties
of the clouds but with different masses of the central
MBH, we find that the slopes of the resulting PSDs at
both the low frequencies (γl) and the high frequencies
(γh) are independent of the MBH mass (see the right
panel of Figure 10). No strong dependence of the scaling
relation on the Eddington ratio is found for the models
studied in this paper because only one model parameter,
rt, is set to correlate with the Eddington ratio.
Note here that in the absorption scenario a correla-
tion between TLXB and M• with a slope of about 1 or
1 + 12 (α
−1
Rc
− 1) in the log-log space can be produced if
RX and ac,min scale linearly with the MBH mass M•.
It is plausible that RX and ac,min scale linearly with
the MBH mass M•, since the intrinsic properties of the
clouds and the spatial distribution of those clouds prob-
ably scale with the luminosity of an AGN, which is pro-
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Figure 10. Left: the PSDs resulting from model C2 by setting four different values for the MBH mass and the best fits
to them. This panel shows that the shape of the PSD is insensitive to the MBH mass except that the location of the break
frequency decreases with increasing MBH mass. Right: the break timescale TLXB as a function of the MBH mass M•. The green,
magenta, and yellow circles represent the results obtained from models C2, A1, and C1, respectively. The error bars associated
with each point represent the 1 − σ error of the best fit. For each model, we adopt various values for the mass of the central
MBH in the range from 106 to 2× 108M⊙. For each given MBH mass, the results obtained for those cases with three different
view angles, i.e., θLOS = 75
◦
, 60
◦
, and 45
◦
, are shown for each model. The blue dotted line, the red dash-dotted line, and
the cyan dashed line represent the observational fitting results given by Markowitz et al. (2003), McHardy et al. (2006), and
Gonza´lez-Mart´ın & Vaughan (2012), respectively. This figure shows that the absorption scenario for the AGN X-ray variations
naturally leads to a strong correlation between TLXB and M•, which can be consistent with the relationship obtained from
observations. See Section 4.2.
portional to the Eddington luminosity and thus linearly
scales with the MBH mass. In reality, it is possible that
other parameters, e.g., the cloud radius Rc and the inner
boundary for the spatial distribution of eclipsing clouds
ac,min, are correlated with the Eddington ratio and con-
sequently the break timescale (or frequency) also de-
pends on the Eddington ratio. Since the relationships
between these parameters and the Eddington ratio are
not clear, a further exploration of the dependence of the
scaling relation on the Eddington ratios is beyond the
scope of the paper.
4.3. On the Amplitude of the Variation
The variation of the X-ray emission from an AGN can
be quantified by the normalized excess variance (NEV)
σ2NEV,L =
N∑
i=1
(LX(ti)− 〈LX〉)
2
N〈LX〉2
. (31)
If the variation of the X-ray emission of some AGNs is
mainly due to the absorption by eclipsing clouds as as-
sumed in this paper, the NEV (σNEV,L) for those models
listed in Table 1 can be obtained from our simulations.
Similarly, the NEV of the absorption column density
σNEV,NH can be obtained by replacing LX(ti) and 〈LX〉
by NH(ti) and 〈NH〉 in Equation (31), respectively, and
NH(ti) are obtained from the mock observations at the
i-th time interval. The actual value of σ2NEV,L depends
on the total observational time Ttot and the duration of
the observational time interval δt. If Ttot is not suffi-
ciently large, then those eclipses caused by clouds with
large ac cannot be fully counted, and if δt is too large,
then those eclipsing clouds with small ac are also not
fully counted.
We assume that the AGN X-ray variations for differ-
ent AGNs follow an intrinsic PSD with the following
universal double power-law form, i.e.,
P (ν) ≃


A
(
ν
νB
)γh
, when ν ≥ νB,
A
(
ν
νB
)γl
, when ν < νB
(32)
as a simplified form of Equation (29), where A is the
amplitude of the PSD at νB, γh < γl, and γh < −1. If
the frequency range limited by “observations” is from
νmin ∼ 1/Ttot to νmax ∼ 1/(2δt) (which is substantially
narrower than the range considered in the models), and
νmin ≪ νmax, then the NEV estimated from the obser-
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vations can be approximately given by
σ2NEV,L ≃
∫ νmax
νmin
δ2LP (ν)dν = δ
2
L
AνB
γh + 1
×


[(
νmax
νB
)γh+1
−
(
νmin
νB
)γh+1]
,
when νmin ≥ νB;[(
νmax
νB
)γh+1
− 1
]
+ γh+1γl+1
[
1−
(
νmin
νB
)γl+1]
,
when νmin < νB < νmax;
γh+1
γl+1
[(
νmax
νB
)γl+1
−
(
νmin
νB
)γl+1]
,
when νmax ≤ νB,
(33)
where δ2L ≡ lim
∆T→∞
∫∆T
0 [1 − L(t)/L(t)]
2dt/∆T and
L(t) ≡ lim
∆T→∞
∫∆T
0
L(t)dt/∆T . If γh [or γl] equals
−1, the terms (νmin/νB)
γh+1 and (νmax/νB)
γh+1 [or
(νmin/νB)
γl+1 and (νmax/νB)
γl+1] should be replaced
by (γh + 1) ln (νmin/νB) and (γh + 1) ln (νmax/νB) [or
(γl + 1) ln (νmin/νB) and (γl + 1) ln (νmax/νB)], respec-
tively.
In the absorption scenario presented in this paper,
the X-ray variations are due to the eclipses of clouds
in the BLR and the dusty torus. As shown in Fig-
ure 10, the power at νB, i.e., AνB, is more or less a
constant for the different BH masses of a given model
and νB ∝ M
−1
• . If δ
2
L is also constant with differ-
ent M•, then σ
2
NEV,L ∝ M
γh+1
• when νmin > νB, and
σ2NEV,L ∝ M
γl+1
• when νmax < νB, and transits from
∝Mγh+1• to ∝M
γl+1
• when νB moves from νmin to νmax.
This suggests that the absorption scenario for the X-ray
variations can also naturally lead to a correlation be-
tween the MBH mass and the NEV. For example, model
C2 results in a PSD with γh = −2.6 and γl = −0.9,
which may lead to a correlation σ2NEV,L ∝ M
−1.6
• at
the high-MBH mass range and ∝M0.1• at the low-MBH
mass range.
A scatter in the σ2NEV-M• correlation can be caused at
the least by the following factors. (1) In reality, δ2L may
depend on the settings of the spatial distribution and the
intrinsic properties of the eclipsing clouds, which could
lead to a scatter in the σ2NEV-M• correlation. For ex-
ample, we find that δ2L ∝ 〈N〉LOS; even if the cloud size
and the size of the X-ray emitting region scale linearly
with the MBH mass to cancel out some dependence on
the MBH mass in Eq. (15), it still depends on the total
number of clouds Ntot and the viewing angle. (2) The
differences among the spatial distributions of the eclips-
ing clouds in different AGNs with the same MBH mass
may result in different shapes of the PSDs (defined by
νB, γh and γl), which consequently leads to a scatter to
the νB-M• relation and thus further introduce scatters
to the σ2NEV-M• relation.
Note that a number of studies have shown that
the magnitudes of the AGN X-ray variation on short
timescales tightly correlate with the masses of the cen-
tral MBHs (e.g., Lu & Yu 2001b; O’Neill et al. 2005;
Niko lajuk et al. 2009; Zhou et al. 2010; Ponti et al.
2012; McHardy 2013; Soldi et al. 2014). The variation
magnitudes on long timescales may saturate and become
independent of the MBH masses (Shimizu & Mushotzky
2013; Markowitz & Edelson 2004). These observa-
tions can be well interpreted as the X-ray variations
of different AGNs following a universal PSD, with
a break frequency correlating with the MBH mass
(Markowitz & Edelson 2004). This relation may be
a direct result of a uniform PSD with γh ∼ −4—−2 and
γl close to -1 for the X-ray variation in those AGNs as
discussed intensively in the literature (e.g., Ponti et al.
2012; Ludlam et al. 2015; Pan et al. 2015).
5. CONCLUSIONS AND DISCUSSIONS
In this paper, we study the AGN X-ray variations due
to the absorption of the clouds or clumps in the BLR and
the dusty torus that happen to cross the LOS. In this
absorption scenario for the AGN X-ray variations, we in-
vestigate the dependence of the power spectral densities
(PSDs) of the X-ray flux and the absorption column den-
sity variations on the spatial distribution and the intrin-
sic properties of those clouds. We analyze various sta-
tistical properties of the X-ray eclipsing events, e.g., the
event rate, the mean number of the eclipsing clouds per
unit time, and the statistical distributions of the param-
eters for the eclipsing events. We perform Monte-Carlo
simulations to realize the kinematics of those clouds in
the vicinity of AGNs and obtain mock X-ray variations
due to the X-ray eclipses. We find that the resulting
PSDs of the X-ray flux or the absorption column den-
sity variations can be described by a breaking double
power-law form in the frequency range from 10−3Hz to
10−9Hz, which can be well consistent with those mea-
sured from observations. The PSD at the low (or high)
frequencies is mainly controlled by the spatial distribu-
tion and the intrinsic properties of the eclipsing clouds at
the outer (or inner) region, presumably by some clouds
in the dusty torus (or BLR).
We find that the break frequency of the PSD is
roughly determined by either the eclipsing durations
of those eclipsing clouds with the minimum semima-
jor axis (i.e., ν ∼ 1/tE′(ac,min)) or the eclipsing du-
ration of those clouds with a characteristic semimajor
axis (aeq, which is defined by that the sizes of the
clouds with semimajor axes larger than aeq are larger
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than the size of the X-ray emission region, while the
sizes of the clouds with semimajor axes smaller than
aeq are smaller than the size of the X-ray emission re-
gion). We demonstrate that the break timescales, cor-
responding to the break frequencies of the PSDs, are
strongly correlated with the masses of the central MBHs
in the cloud absorption scenario for the X-ray varia-
tions of AGNs, which may provide a natural explana-
tion to the scaling relation suggested by observations
for some AGNs (Markowitz et al. 2003; McHardy et al.
2006; Gonza´lez-Mart´ın & Vaughan 2012). If future ob-
servations can more accurately determine this scaling
relation, the cloud absorption scenario for the X-ray
variations of AGNs may be further constrained and the
underlying physics for the scaling relation may be better
understood. This scaling relation is, therefore, expected
to provide a robust tool to estimate the masses of MBHs
in some type 2, if not all, AGNs. (Note that the popular
reverberation mapping technique is not easy to apply to
type 2 AGNs, for which no strong broad emission lines
can be directly detected.) For some type 1 AGNs, this
relation may also be applicable to estimate the masses
of the central MBHs if their X-ray variations are dom-
inated by the absorption of eclipsing clouds. We also
show that this correlation, together with the assump-
tion that the X-ray variation of different AGNs follows
a universal PSD, will lead to a dependence of the X-
ray variation amplitude on BH mass as shown in some
observations.
The spatial distribution and the intrinsic properties of
the eclipsing clouds and their parent population can be
extracted from the X-ray flux variation (if it is mainly
due to the absorption of eclipsing clouds), the column
density variation, and the PSDs of these variations.
Observations have shown that the X-ray variations of
some AGNs, such as NGC 1365 (e.g. Risaliti et al.
1999), NGC 7582 (e.g. Risaliti et al. 2002) , and NGC
4151 (Schurch & Warwick 2002; Markowitz et al. 2014),
are probably dominated by the absorption of eclipsing
clouds. For those AGNs, it is possible to adopt the X-
ray eclipse model introduced in this study to match the
PSDs of their X-ray flux variations (or the PSDs of their
absorption column density variations, if available) indi-
vidually. With such a modeling, robust constraints may
be obtained on the spatial distribution and the intrin-
sic properties of the eclipsing clouds and their parent
populations for those individual AGNs. The statisti-
cal scatters of the spatial distribution and the intrinsic
properties of the clouds in different AGNs and its depen-
dence on various AGN properties, such as luminosity,
MBH mass, Eddington ratio, etc., may also be revealed
by studying a sample of such AGNs. This may help to
establish a unified theory for the nature of the BLR and
the torus.
As the UV-optical sources (mainly from the accretion
disk) are much more extended than the X-ray sources,
it is likely that some AGNs show X-ray variations due
to eclipsing clouds, while they appear as type 1 AGNs
in the UV-optical band. For these objects, it will be
interesting to investigate the flux variability in the UV-
optical band due to the covering of the clouds together
with the variation of the X-ray emission. The compar-
ison of both the model predictions and observations in
the multiple bands can help to set robust constraints
on the structure and property distributions of the AGN
clouds, and also the type 1 and type 2 dichotomy. Note
that the covering fraction of the clouds and the variabil-
ity of the flux appearing in the UV-optical band may
have a different dependence on the cloud structure and
properties from those in the X-ray band. A comprehen-
sive exploration of these features, which is beyond the
scope of this paper, is worthy.
In addition to X-ray flux variations, the variation of
the Fe Kα line emission due to eclipsing may also be used
to probe the kinematic structure of the parent popula-
tion of the eclipsing clouds and the inner disk structure.
It has been shown that the spatial distribution and
the intrinsic properties of the BLR clouds and the
clumps in the dusty torus can be revealed by the re-
verberation mapping technique (e.g., Li et al. 2013;
Chelouche & Zucker 2013; Pancoast et al. 2011, 2013).
If the X-ray variations in some AGNs with broad emis-
sion lines are due to the absorption of eclipsing clouds
in the BLR and/or the dusty torus, it may be possible
to combine both the reverberation mapping technique
and the PSD analysis of the X-ray flux (and the absorp-
tion column density) variations to study and constrain
the properties of those clouds in the BLR and the dusty
torus, which may help to reach a coherent understanding
of various AGN emission/absorption features and the
immediate environment of the central engine of AGNs.
For some AGNs, the observed X-ray flux variations
may be mainly due to the changes of the properties of
the inner accretion disk and the X-ray emitting corona
(e.g., Lyubarskii 1997; Lamer et al. 2003a; Uttley et al.
2002; Zdziarski et al. 2003; Poutanen & Fabian 1999;
Lu & Yu 2001a; Fabian & Vaughan 2003; Marinucci et al.
2014), of which the PSDs of the X-ray variations may
be quite different from those obtained from the ab-
sorption scenario studied in this paper. If it is due
to the flicker noise in accretion disks as suggested by
Lyubarskii (1997), for example, the resulting PSD may
be typically ∝ ν−1. In the literature, however, there
are no explicit predictions on the PSD of the X-ray flux
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variations due to the intrinsic changes for most of other
proposed models. Future progress on the studies of the
intrinsic variation of the X-ray emission from AGNs may
provide some information on the PSD of this variation,
which may be used to distinguish from the absorption
scenario for the X-ray flux variation of some AGNs.
Note here that we mainly focus on the variations of
the X-ray emission in the 2− 10 keV band in this paper.
For the X-ray emission at a band with higher energy,
e.g., 10 − 100keV, the shape of the resulting PSD is
the same as that for the 2 − 10 keV X-ray emission, al-
though the amplitude of the variation at the high-energy
band is substantially smaller than that at the 2−10 keV
band. The independence of the PSD shape from the
energy and the dependence of the variation amplitude
on the energy are the simple nature of the absorption
scenario for the X-ray variations, which may be used to
distinguish the absorption scenario from those models
assuming intrinsic variations (e.g., Miller et al. 2008).
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